The role of stochastization of magnetic field lines is analyzed in fast reconnection phenomena occurring in magnetized fusion plasma during various conditions in the ASDEX Upgrade tokamak. The mapping technique is applied to trace the field lines of toroidally confined plasma where perturbation parameters are expressed in terms of experimental perturbation amplitudes determined from the ASDEX Upgrade tokamak. It is found that fast reconnection observed during amplitude drops of the neoclassical tearing mode instability in the frequently interrupted regime can be related to stochastization. It is also shown that stochastization can explain the fast loss of confinement during the minor disruption. This demonstrates that stochastization can be regarded as a possible cause for different MHD events in ASDEX Upgrade.
Introduction
An important goal of fusion research with magnetically confined plasmas is to maximize the achievable plasma pressure. In a tokamak, neoclassical tearing modes (NTMs), i.e. magnetic islands with poloidal (m) and toroidal (n) mode numbers driven unstable by the loss of bootstrap current inside the island, are of major concern as they are considered to be the most severe limitation to the maximum achievable plasma pressure. Developing of such magnetic islands require resistive reconnection of the magnetic field lines. The resistive reconnection assumes resistive diffusion of the magnetic field through the plasma which is rather slow process. It was found in ASDEX Upgrade that some MHD processes involving these tearing modes have much faster time scales compared to the resistive diffusion time is the characteristic length of the resistive layer). These processes involve interaction of several modes and can be explained by stochastization of the magnetic field lines. Stochastization means that for the trajectory of an object time averaging and spatial averaging can be exchanged. This means also that the trajectory of an object starting from any point in a stochastic area comes infinitely close to any other point of this volume.
In this paper we discuss in detail two such examples, namely the frequently interrupted regime of neoclassical tearing mode (FIR-NTM) and the minor disruption due to the interaction of the (2,1) and (3, 1) tearing modes. During the FIR-NTM regime, the amplitude of the NTM periodically decreases to a much smaller value and never reaches its saturated value. The time in which these amplitude drops occur is very short (about 500 s μ ), much shorter than the resistive MHD reconnection rate (few tens of milliseconds in the ASDEX Upgrade). In particular it has been observed that the amplitude of the (m,n)=(3,2) NTM drops as an additional MHD instability (the (m,n)=(4,3) mode) occurs [1, 2] . Generally the occurrence of the (m+1,n+1) modes always coincides with the (1,1) mode activity which is a necessary condition for the nonlinear coupling to the (m,n) NTM. Moreover, the sudden drops in NTM amplitude only occur if the three modes are locked in phase. The ideal (4,3) mode needs to be driven unstable by non-linear mode coupling [3] . Increasing the plasma pressure gradient has a destabilizing effect on this mode and thus makes a non-linear destabilization easier. This might be the reason for the required high plasma pressures for FIR-NTMs [4, 5] . The other example is the minor disruption in ASDEX Upgrade. Experiments show that interaction of (2,1) and (3, 1) tearing modes leads to a sequence of minor disruptions [6] . This demonstrates that stochastization can be very important in cases of simultaneous activity of several MHD modes.
This work can be regarded as an extended and improved version of a recent letter [7] . In particular, new more realistic and physically justified parametrizations for perturbations of the (1,1) and (4, 3) modes are introduced, interaction of (3,1) and (2,1) tearing modes is analyzed, mathematical details related to the mapping technique and to the characterization of degree of stochastization are presented.
The work consists of five sections. In section 2, we recall some basic information about the Hamiltonian formalism and the mapping technique and present the specific mapping used in the present analysis. The experimental data and their parametrization are described in section 3. In section 4 we present the results of calculations based on the mapping introduced in section 2 and on the parametrizations adopted in section 3.
Section 5 is devoted to quantitative aspects of stochasticity. Finally, in section 6 we summarize the main results and outline guidelines for the future work.
Hamiltonian formalism and mapping technique
Magnetic field lines can be regarded as trajectories of Hamiltonian systems. For the field line tracing two methods can be applied: i) integration of the trajectory and ii) mapping of the trajectory. The latter is a modern technique for the Hamiltonian system [8, 9, 10] and is implemented in our code. It is more than an order of magnitude faster than the integration. A properly chosen mapping procedure always conserves the main flux preserving property of the magnetic field, which is important for a correct reproduction of the long-term behaviour of field lines in stochastic regions. In this formalism the equations for magnetic field lines take the Hamiltonian form , , For our purposes we have chosen the symmetric symplectic mapping derived in [9] on the basis of the Hamilton-Jacobi method. In the first order approximation this mapping can be written as follows:
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is the spatial frequency of the perturbed motion and ( ) ( )
. The first order generating function in the finite interval
is given by the expression (11) where ( )
, and mn χ are phases. For the symmetric mapping the free parameter 0 ϕ is taken exactly in the middle of the interval [ ]
Parametrizations for perturbations
It is obvious that practical implementation of the mapping method requires knowledge of the safety factor and of the perturbation Hamiltonian. Determination of these quantities from the experiment is a challenging task, because of the large uncertainties in the measurements.
We have chosen the following parametrization for the safety factor: (12) 4 which describes correctly the experimental position of the MHD modes in ASDEX Upgrade.
The perturbation amplitude mn ε in the Hamiltonian for each individual mode is defined as follows [11] : (13) where T B is the primary toroidal magnetic field and mn B is the magnetic perturbation due to the (m,n) mode. It can be roughly estimated from the width of the magnetic islands on the basis of the standard formula [12] ( ) ( )
and used in Eq. (13) Table I we summarize the average parameters of the three islands observed in the experiment. ), but it cannot describe the perturbed flux close to the resonant surface [15] (see Fig. 1 ). [15] .)
The MHD simulations, as well as the electron cyclotron emission (ECE) measurements, show a completely different behaviour of the perturbation flux [16] . This difference can be attributed to the plasma influence which screens all the magnetic perturbations inside the plasma. This screening effect of the plasma is not taken into account in SCA which always underestimates the flux and hence has to be improved.
Parametrization (15) has two drawbacks: i) incorrect shape of the perturbation flux close to the resonant surface, ii) large errors of mn ε in the case of small perturbations. These defects can be eliminated by using the experimental information from ASDEX Upgrade. We adopt the parametrization used in [16] for analyzing the structure of the (3,2), (4,3) and (5,4) modes Hereα , β and γ are free parameters which fix the shape of the perturbation flux. The values of these parameters have been determined in [16] from the analysis of ECE measurements of the (3,2) mode and provide us a correct form of the perturbations which is a good approximation for resistive MHD modes.
The perturbed flux for a resistive mode does not change sign at the resonant surface (see Fig.1 ). The situation becomes different for ideal modes. In this case, the perturbed flux changes the sign at the resonant surface. At the same time, the ideal MHD force balance equation is valid for both the ideal case and the resistive case (except in a small resistive layer). Thus, one would expect similar behaviour of the flux function for the two cases. For an ideal MHD mode we introduce a parametrization similar to (16) but with a sign jump at the resonant surface: 
Here the additional parameter μ determines the width of the resonant region. Typically μ is about 500 which corresponds to the resonant layer about 3 percent of the plasma radius.
The perturbation amplitudes mn B can be directly deduced from the magnetic measurements which give us magnetic perturbations at the position of the magnetic probes located outside the plasma at 
. (20) Thus, the perturbed part of the Hamiltonian has the form:
This mode is located at the plasma core where a reconstruction of the perturbation flux from ECE measurements is difficult. It also has a burst character during the FIR which leads to additional obstacles for reconstruction of the mode structure. At the same time, ECE measurements for the (1,1) fishbones in Table II.   Table II. (Table I) . SCA predicts the width of the island corresponding to the (3,2) mode of the order of 4.2 cm, while parametrization (16) gives about 5.1 cm which is closer to the value 5.2 cm obtained in an independent ECE measurement [2] . This fact confirms that our parametrization describes the perturbed flux better then the simple SCA assumption.
Analysis of the ASDEX Upgrade data
In this section, the mapping technique is applied to investigate the stochastization between different modes for several experimental cases. Perturbations for the Hamiltonian formalism are expressed in terms of the experimental perturbation amplitudes determined from the ASDEX Upgrade tokamak data.
We consider here the FIR of NTM and the minor disruption due to the interaction of the (3,1) and (2,1) modes. We show that stochastization can describe these two different cases.
Frequently interrupted regime of the neoclassical tearing modes
The results of the calculations performed with parametrization (21) for the (1,1) mode, parametrization . This is due to the fact that perturbations of individual modes strongly overlap (Fig. 2) . This overlapping is especially pronounced in the case of the (3,2) and (4,3) modes, because the distance between the resonant surfaces of these two modes is very small. On the one hand, the influence of the (1,1) mode on the stochastization itself is very weak (compare Fig. 4 with Fig. 5 ), because ( ) 
Minor disruption due to the interaction of the (3,1) and (2,1) tearing modes
It was observed in ASDEX Upgrade discharge that series of minor disruptions are accompanied by the interaction of the (3,1) and (2,1) modes [6] . Such a minor disruption leads to temporary deterioration of confinement and flattening of the temperature profile. We have modeled this disruption by using the perturbation amplitude obtained by means of ECE measurements, by assuming that parametrization (16) is valid for these two tearing modes and by adjusting the safety factor to the measured positions of the rational surfaces (Fig. 7 ). These modes are always coupled and one can observe stochastization around the islands (Fig. 10) .
However, if the amplitude of the (2,1) is slightly increased (0.00008 0.00010), also the region between the modes is stochastized (Fig. 11 ) which means that in this case we have a trigger problem. One would expect that such a stochastization destroys the confinement between the corresponding resonant surfaces and flattens the temperature profile which is observed in the ECE measurements. This case is completely different as compared to the FIR-NTM case. For the FIR-NTM the perturbation amplitudes are always large enough to create a stochastic region, but stochastization takes place only during the coupling period between the two modes.
Quantitative aspects of stochastisity
In this section we address some general questions related to stochastization using the example of interaction of the (3,2) and (4,3) modes: taken the magnitude of the (3,2) perturbation amplitude from the experiment, is there a lower limit of the (4,3) perturbation amplitude for the onset of stochastization? Why and how does the stochastic zone increase when the (4,3) perturbation amplitude increases? What are the special properties of the experimental (4,3) perturbation amplitude? We will try to answer these questions using arguments from the theory of dynamical systems.
For a systematic study we keep the (3,2) perturbation amplitude fixed to its experimental value and increase the (4,3) perturbation amplitude in small steps starting from its zero value.
Two different approaches are used to generate a stochastic zone. First, it can be obtained as a union of many short stochastic trajectories starting from points inside the zone. This is used in the case of the Lyapunov exponent method. Second, it can be obtained by generating a single very long trajectory that wanders in the entire zone. This is used in the case of the coarse-grained method. The advantage of the first approach is that it provides a global understanding of the dynamics of the system in the short time evolution (5000 iterations). The second approach provides information of the complex evolution of a single magnetic line, hence it can be considered as a local dynamical description.
Let us first consider the system in the absence of the 43 H perturbation. It turns out that even in this case a thin chaotic layer surrounds the ( ) 3, 2 mode. This is illustrated in Fig. 12 where the first 100 000
iterations are plotted of the trajectory starting from the initial point ( ) This observation is in agreement with the theory of area-preserving maps [18, 19] trajectory is calculated using the method described in [20] , which is applicable to discrete maps and to Eqs. The robustness of S with respect to variation of the parameter crit λ is illustrated by the observation that a variation of crit λ by 50% results in the change of S by only 4% (Table III) H value the probability that a randomly started trajectory becomes chaotic is 25%. H becomes more complex, more "chaotic, stochastic." The coarse-grained method being more direct but less sophisticated than the Lyapunov method emphasizes a different aspect of stochasticity.
A general theory [18, 19] can be used to explain the enlargement of the stochastic zone. Namely, In order to select the most important modes located between the two fixed points ( ) Table IV can be obtained. . This is shown in Fig. 17 one. Such an intermittent behaviour generates the strong increase of transport, phenomenon that was already observed in studying other systems which model the magnetic field in tokamaks [8] .
Another trajectory starting from the stochastic zone would exhibit a different distribution and different lengths of the stages a, b, and c, but the trajectory would wander inside the same stochastic region.
Summary and discussion
In this paper we have applied the mapping method for the field line tracing to investigate the role of stochastization in the FIR and during minor disruption in the ASDEX Upgrade tokamak. Using the magnetic and ECE measurements we have reconstructed the safety factor profile and perturbations due to the MHD modes and implemented them into the Hamiltonian formalism of the field line tracing. As was pointed out, it is very difficult to determine accurately these quantities from the experiment. Moreover, the perturbation amplitudes differ by a factor two for different discharges and for different time periods of the same discharge. In spite of these difficulties our analysis of the FIR-NTMs strongly suggests that the nonlinear interaction between the (3,2) and (4,3) modes leads to stochastization and that the presence of the (4,3) mode really is able to prevent the (3,2) mode from growing to its saturated island size. Here the (1,1) mode, which is needed for a nonlinear coupling between the modes, has a negligible influence on stochastization itself. Similar conclusions refer to the interaction between the (4,3) and (5,4) modes.
Variations of the perturbed fluxes and safety factor profile inside the error bars do not change this result.
We also have found that stochastization explains some cases of minor disruption observed in the ASDEX Upgrade tokamak. In these cases the interaction of the (3,1) and (2,1) tearing modes create stochastic region between the resonant surfaces. The temperature profile becomes flat in this region, which leads to temporary deterioration of the plasma confinement. The two cases considered in the paper show that stochastization can be extremely important in the interaction of several MHD modes. Here stochastization plays a major role in the plasma transport.
In this paper we also have tested two criteria of quantitative description of stochastization. In the future, we plan to convert these criteria into the diffusion coefficient and use it in non-linear MHD simulations. As a next step we will also extend our calculations to the framework of a real ASDEX Upgrade geometry.
